We report electrical and optoelectrical properties of a cross-junction of two semiconducting nanowires. Semiconducting nanowires and their junction play an important role in nanonetwork device. By mechanically manipulating the nanowires, cross-junction nanodevices are fabricated on SiO 2 /Si substrate using VO 2 and ZnO nanowires. These junctions are formed across prepatterned two-probe Au electrodes and contacted through Pt metal deposition. The cross-junction devices were studied using global and focused laser beam irradiation with a wavelength of 532 nm at sweeping bias and fixed external bias. Furthermore multi-junction in nanonetwork between VO 2 and ZnO nanowires device is demonstrated as a viable photodetector for potential application.
INTRODUCTION
In nanonetworks, the junction's properties between two nanowires plays an important role in dictating the electrical and optoelectrical properties of the network device. [1] [2] [3] Zinc oxide (ZnO) nanowires with large band gap semiconducting properties exhibit a wide range of application due to its several interesting properties. Vanadium oxide nanowires (VO 2 ) acquire many exciting properties including metalinsulator transition (MIT) at temperature of ∼68 C. The temperature dependent and photoinduced current-voltage characteristics have been well studied of individual ZnO and VO 2 nanowire based devices. [4] [5] [6] [7] [8] At room temperature, VO 2 nanowire is an n-type semiconductor with an indirect narrow band gap of ∼0.6 eV and ZnO is an n-type semiconductor with a direct band gap of ∼3.37 eV. ZnO nanowire shows n-type semiconducting behavior due to its intrinsic defects caused mainly by oxygen vacancy, whereas the n-type behavior of VO 2 nanowire has been attributed to the hopping transport among localized levels. 8 9 Thus the junction between these two nanowires might have interesting electrical and optoelectrical properties. The electronic transport behavior of an inter-nanowire junction has been studied, where the thin insulating layer between the two nanowires plays an important role. 1 Studies on nanostructures, 10 11 heterojunction, 12 core-shell, 13 * Author to whom correspondence should be addressed.
and biaxial 14 based photodetectors have been reported with possible applications. [15] [16] [17] [18] [19] [20] In this report, we introduce a method to prepare crossjunction based devices by mechanically manipulating the nanowires with the aid of a sharp tungsten tip. Although it is time consuming method, it can be used to make different type of junctions. Individual ZnO and VO 2 nanowire are employed to make the cross-junction based devices. The solid-state junction between VO 2 and ZnO is an n-N heterojunction that exhibits type-II band alignment. The electrical and optoelectrical properties of the crossjunction devices have been studied by globally and locally probed laser excitation. The different parts of the device are examined under multiple on-off state of focused laser at fixed external bias and the produced output photocurrent with time is analyzed. In the locally probed laser irradiation technique, the laser beam spot is focused at different parts of the device, which will create photogenerated carriers at small region whereas the global irradiation of laser over the entire device will produce generated carriers contribution coming from all possible factors including interfaces, metal-nanowire contacts, cross-junction, surface states etc. 15 16 Thus the localized photocurrent-studies of the heterojunction device could help to elucidate the difference between different transports of intrinsic defects, surface states dominated conduction in ZnO nanowire and charge hopping dominated conduction in VO 2 nanowire. 
EXPERIMENTAL SECTION
The nanowires were grown in a horizontal tube furnace with required gas flow environment in a very controlled way using the recipe, which we reported earlier. 8 17 Before fabricating individual nanowire based devices, the nanomaterial characterization techniques were performed on synthesized nanowires to confirm that highly crystalline single phase structures were obtained. The individual nanowires and cross-junction between two-nanowire-based devices were fabricated on heavily n-doped Si substrate (resistivity ∼1-10 · cm) coated with thin (∼300 nm) insulating layer of SiO 2 . Prefabricated Au electrodes were patterned on top of the SiO 2 /Si substrate under two-probe configuration using standard optical lithography technique. The spacing of the Au electrodes was ∼10 m. The nanowires were placed between the Au electrodes by using micromanipulator probe station (Cascade Microtech ™ ). The sharp tungsten tip (diameter ∼1 m) was able to pick the single nanowire separately from their growth substrates and place one by one on the SiO 2 /Si substrate. To form cross-junction between two nanowires, one nanowire was transferred on top of the other nanowire, such that they will form cross shape structure. To form VO 2 -ZnO crossjunction, first ZnO nanowire was placed on top of SiO 2 /Si substrate then VO 2 nanowire was placed on top of ZnO in the form of 'X'.
The electrical connection between nanowire and Au electrode was made as follows. One end of the individual nanowire was electrically connected with the gold electrode by depositing uniform Pt metal. 8 16 The dual beams of focused ion beam system (quanta 200-3D FIB-SEM, FEI, Ga+ ion beam as evaporating source at 30 kV, 50 pA) were used to deposit Pt metal on the contacts at same time. The dual beam of the FIB system here refers to the capability of the system in providing both e-beam for SEM as well as Ga+ ion beam for FIB applications. And the Pt deposition works by Ga+ ion beam induced cracking of organometallic molecules containing Pt, which are introduced into the chamber in the form of vapor, thereby releasing Pt in the form of metal, and with hydrocarbon residuals at the same time. For both contacts, the thickness of Pt metal was ∼200 nm to achieve symmetric electrical response from the contacts. However, the length and width of Pt metal were variable parameters for different wire diameter and nanowire separation from electrode. The electrical measurements were carried out using Keithley 6430 sourcemeter under sweeping and fixed bias mode. The electrical measurements and photoconductivity measurements were performed in ambient condition. The photoconductivity measurements from the cross-junction and nanowire-Pt contacts were carried out using our home made photoconductivity set-up. 15 Parallel laser beam was directed towards a microscope by a set of mirrors. 15 16 Once inside the microscope, the laser beam was directed towards the objective lens via a beam splitter. After passing through the objective lens, we have a beam spot size of diameter ∼1-3 m. Local photoconductivity (I -t) measurements from the device was obtained under fixed bias condition by irradiating the focused laser spot at different parts of the device with multiple laser on/off states in fixed time interval.
RESULTS AND DISCUSSION
Individual ZnO and VO 2 nanowire based nanodevices were fabricated on SiO 2 /Si substrate as shown by the SEM images Figures 1(a and c) , respectively. Dark current with sweeping bias voltage (I -V ) characteristics of single ZnO nanowire shows symmetric and non-linear dependency ( Fig. 1(b) ) at bias range of ±1 V, whereas the dark I -V of VO 2 nanowire at bias range of ±20 mV ( Fig. 1(d) ) indicates symmetric and linear dependency. Here individual VO 2 based device produce higher current compared to individual ZnO nanowire. Temperature dependent I -V characteristics of individual ZnO and VO 2 nanowire based devices are shown in Figures 1(b and d) , respectively.
Using a mechanical manipulation technique as mentioned in experimental section, the fabricated crossjunction based device supported by SiO 2 /Si substrate is shown by the SEM image ( Fig. 2(a) ). I -V characteristics of the device at different temperature are shown in Figure 2(b) , which demonstrate asymmetric, nonlinear behavior of the device. As temperature increases, the conductance of the device also increases, which represent good semiconducting nature of the device. Focused ion beam, which was used during fabrication process of the device, could affect the electrical and optoelectrical properties of the device introducing doping effect into the device. 18 23 The photoconductivity study of the crossjunction device is shown in Figure 2 (c) without and with global irradiation of the 532 nm laser under different laser power. The observed photocurrent increases with the laser power consisting with the fact that the photogenerated carriers' increases with increasing the illuminating photon flux. Photocurrent with time (I -t) response of the device was analyzed upon successive on-off of the global irradiation of the laser at fixed external bias of +2 V at fixed laser power of 300 W. of the measurement instrument. The absorbed photon at 532 nm creates electron-hole (e-h) pairs. Due to the work function difference in ZnO and VO 2 , n-N heterojunction, a small built-in potential of the order of ∼0.4 eV will be produced. Photo generated carriers will be separated by the electric field produced due to the built-in potential, which could give rise the photocurrent in the circuit. The responsivity (R) is an important parameter to reflect the performance of a photodetector, which is defined as the output measured photocurrent divided by the incident laser intensity and effective active area of the device at fixed external bias. 15 19 The responsivity of the cross-junction device is calculated as ∼0.8 A/W for 532 nm laser light illumination at +2 V bias, which is comparable with thin film heterojunction based photodetectors. 21 22 The localized photocurrent measurements are carried out under a fixed bias of +1 V with focused green laser (wavelength ( ): 532 nm) of power ∼600 W. The localized bright spot is focused at different parts of the cross-junction device. The photocurrent response from different parts of the device shows different amount of photogenerated current as shown in Figures 3(b-d) . Figure 3(c) shows the remarkable change in current of n-N heterojunction upon localized laser irradiation on the cross-junction. The measurement is performed when VO 2 nanowire was connected to the positive terminal of the applied bias and ZnO nanowire in negative bias. The positive bias contact at VO 2 -Pt junction, the generated photocurrent amount is higher than the negative bias contact at ZnO-Pt junction. 15 18 The observed direction of current flow was from VO 2 nanowire towards the ZnO nanowire in forward bias condition of the device. The nanowire-Pt junctions are connected with nanowirenanowire junction in series; when the laser source is locally irradiating the device at different parts, total photocurrent generates at the nanowire-nanowire crossjunction is higher compared with that from nanowire-Pt junctions (Figs. 3(b-d) ). It has been studied previously that individual-nanostructure-based photodetectors under two-probe configuration produce larger photocurrent at metal-semiconductor contacts than the probing focused laser at the middle of the nanostructure. 8 15 The effective Schottky barrier formation at nanowire-nanowire junction might be the reason for the observed higher photogenerated current at junction interface. However if the oxide amorphous regions formed on surface of each nanowire are thick enough, instead of forming accumulation and depletion region across the interface, an asymmetric depletion region will form without influencing one band diagram by another band structure. In the situation, it might produce the tunneling electronic conduction phenomena with large junction resistance instead of observing individual carriers conduction mechanism of ZnO and VO 2 nanowire.
In order to enhance our understanding of spot-dependent nature of the photogenerated current, we run a set of simulations using Wavenology, 24 which is a commercial FDTD full-wave electromagnetic solver. Figure 4(a) shows the schematic diagram of the simulated structure of crossjunction between the nanowires, where orange and green cylinders represent VO 2 and ZnO nanowires, respectively on top of SiO 2 /Si substrate. Each nanowire is assumed 1 m long, and electrodes (Pt metal) are made of perfect electrical conductors (PEC) as represented by yellow bar in schematic diagram. Refractive indices of VO 2 and ZnO are taken as 1.789 + 0.145i and 2.13 + 0.59i, respectively. 25 26 The refractive indices of Si, SiO 2 and Pt metal are used from the dataset. 27 This structure is illuminated from the top with a green laser beam ( = 532 nm), where the beam aperture is assumed to be 2 m. Similar to the experiment, we run three set of simulations, where we change the beam axis position as shown in Figure 4(b) , and measure the current flowing through an infinitely thin PEC wire between the PEC electrodes. In order to eliminate the effect of polarization, the direction of the laser polarization is chosen along = 45 , such that E = E 0 x −ŷ / √ 2, where the surface of SiO 2 /Si substrate is considered in xy plane. As shown in Figure 4 (c), in a similar fashion to the experimental results, the current decreases when the spot is changed from VO 2 -electrode intersection to ZnO-electrode intersection and the maximum current is observed when the laser was focused onto the intersection of nanowires. The first observation was expected because of ZnO nanowire's low polarizability with respect to VO 2 nanowire. The second observation simply means that the total induced current increases as we increase the volume of the object that is partially illuminated with electromagnetic (optical) waves. Based on the good agreement between experimental and numerical results, we can conclude that the amount of generated photocurrent heavily depends on dimensions, mutual positions, and material compositions of nanowires.
For more practical application of such cross junction in nanonetwork device, here we have presented an application of 532 nm laser sensing. We have prepared separately two nanowire solutions in acetone by ultra-sonicating (duration ∼30 s) the nanowire grown sample. Mukherjee et al. Photoconductivity in VO 2 -ZnO Inter-Nanowire Junction and Nanonetwork Device solutions were mixed and sonicated for ∼5 s. Then the mixed solution was dropped using micropipette on SiO 2 (thickness: 300 nm)/Si substrate, which was placed at ∼60 C on top of a hot plate. Deposited nanonetwork of VO 2 and ZnO nanowires are shown in the SEM image ( Fig. 5(a) ). To put electrical connection in nanowire network, metal mask with gap of 1000 m was used during deposition of Cr (20 nm)/Au (200 nm) electrode on top of the nanonetwork. I -V characteristics (Fig. 5(b) ) of the network device without and with global irradiation of 532 nm laser (power: 1 mW) show the significant increment of current over dark current of the device, which can be used as a viable photodetector for potential application.
SUMMARY
The electrical and optoelectrical characterization of crossjunction between two semiconducting nanowire are carried out with and without laser irradiation via focused and global irradiation. Various studies such as temperature dependent I -V , photoconductivity test including time dependencies are studied over the devices. This experimentally achieved results are very useful for future nanonetworks devices and to study fundamental localized photo response mechanism from a single n-N crossjunction. Moreover, the localized photocurrent results of the cross junction based devices are further studied using FDTD simulation.
